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Coulomb excitation
c-ray spectroscopyCharacteristic K X-rays have been observed in Coulomb-excitation experiments with heavy radioactive-
ion beams in the lead region (Z = 82), produced at the REX-ISOLDE facility, and were used to identify the
decay of strongly converted transitions as well as monopole 0þ2 ! 0þ1 transitions. Different targets were
used, and the X-rays were detected by the Miniball c-ray spectrometer surrounding the target position. A
stable mercury isotope, as well as neutron-deficient mercury, lead, polonium, and radon isotopes were
studied, and a detailed description of the analysis using the radioactive 182,184,186,188Hg isotopes is pre-
sented. Apart from strongly converted transitions originating from the decay of excited states, the
heavy-ion induced K-vacancy creation process has been identified as an extra source for K X-ray produc-
tion. Isolating the atomic component of the observed K X-rays is essential for a correct analysis of the
Coulomb-excitation experiment. Cross sections for the atomic reaction have been estimated and are com-
pared to a theoretical approach.
 2015 Elsevier B.V. All rights reserved.1. Introduction
Coulomb-excitation experiments in inverse kinematics using
heavy post-accelerated radioactive-ion beams have been initiated
at the REX-ISOLDE facility [1], located at CERN. Beams of even-
mass neutron-deficient mercury [2], lead [3], polonium [4,5], radon
[5,6], and neutron-rich radium and radon [7] isotopes at energies
around 2.85 MeV/u were sent onto different targets like tin,
silver, cadmium, palladium, and molybdenum. As a result, low-
lying excited states of the beam and/or the target are populated
via Coulomb excitation. The Miniball c-ray spectrometer was used
for the detection of c rays originating from electromagnetic transi-
tions in the nuclei of interest. The nuclear levels populated via
Coulomb excitation do not only decay to a lower-lying energy level
by emitting a c ray, but also by internal conversion. Especially E0
components of mixed multipolarity transitions (e.g. 2þ2 ! 2þ1 tran-
sitions), as well as E0 0þ2 ! 0þ1 de-excitations are important in thisregion of the nuclear chart, due to the high proton number Z and
nuclear-structure arguments. The occurrence of these transitions
are characteristic for the neutron-deficient even–even nuclei in
the lead region where shape coexistence occurs at low-excitation
energy [2]. Different coexisting nuclear shapes give rise to energy
levels with the same spin and parity but corresponding to dissim-
ilar shapes. These states can mix, generating an enhanced E0 tran-
sition rate between the levels [8]. Moreover, in even–even nuclei
featuring shape coexistence, low-lying 0þ2 states have been identi-
fied (even becoming the first excited state in the nucleus in certain
cases) decaying to the 0þ1 ground state via an E0 transition. Hence,
observed c-ray intensities do not suffice to analyze Coulomb-
excitation data in a proper way: the inclusion of the decay from
populated levels involving electrons is crucial in order to deter-
mine their correct population.
Internal conversion is accompanied by the emission of charac-
teristic X-rays. The Miniball c-ray spectrometer can be used to
detect the more energetic K X-rays, and after correction for the
relative branching for Ka emission at 69 keV (74%) and the fluo-
rescence (96%) of the transition (the relative intensity of X-ray
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decays via electrons can be estimated. However, other atomic pro-
cesses also give rise to K-vacancy creation and thus to the produc-
tion of X-rays. This paper reports on the determination of X-rays
from converted and E0 transitions after Coulomb excitation of
the even–even 182–188Hg isotopes. The data allowed the cross
section for the atomic process to be estimated. The same analysis
procedure was applied to beams of stable mercury, and neutron-
deficient lead, polonium and radon.2. Experimental details
Two Coulomb-excitation experiments were performed at the
REX-ISOLDE radioactive-beam facility on neutron-deficient mer-
cury isotopes. A molten lead target was bombarded by 1.4-GeV
protons to produce the isotopes of interest. After diffusion and
effusion out of the ion source, the ions were mass separated,
bunched employing a Penning trap (REX-trap) and charge bred
by REX-EBIS to a higher charge state to insure an efficient post-
acceleration by the REX-LINAC [1]. Pure mercury beams with an
energy of 2.85 MeV/u were guided to the collision chamber. After
the reaction with the stable target, the scattered particles were
detected by a double-sided silicon strip detector (DSSSD) [9], and
the X-rays and c rays were registered by the Miniball c-ray
spectrometer [10]. The photons were emitted in flight introducing
a Doppler shift and broadening of the photon energy peaks. This
effect can be corrected for, since the direction and the energy of
both particle and c ray (or X-ray) are known. Data were acquired
during the first experiment on the 184,186,188Hg isotopes
using two different targets for each isotope: a 120Sn target of
2.3 mg/cm2 and a 107Ag target of 1.1 mg/cm2. In the second exper-
iment 112Cd was employed as the target for 182,184Hg and 114Cd for
186,188Hg. Both targets had a thickness of 2.0 mg/cm2. The details of
both experiments are summarized in Table 1.
Random-subtracted c-ray energy spectra collected in coinci-
dence with scattered mercury-beam and cadmium-target ions
are shown in Fig. 1. A Doppler correction has been applied using
the velocity of the mercury projectile.
In these four spectra, K X-rays are clearly present at 69 keV and
80 keV, and correspond to holes created on the K shell of the mer-
cury atoms as these give rise to a Ka line and a Kb line at these ener-
gies [11]. Since they are in prompt coincidence with two scattered
particles, and a Doppler correction for the projectile velocity needs
to be applied, they must originate from the projectile in flight. The
number of X-rays compared to the 2þ1 ! 0þ1 is significantly higher
in 182,184Hg than in 186,188Hg. The X-rays originating from electron
vacancies created in higher-lying orbitals are too low in energy to
be detected by the Miniball c-ray spectrometer. After correction for
the relative branching for Ka emission at 69 keV and theTable 1
The properties of the mercury beams and employed targets. The half lives, measured beam
isotopes with thicknesses are also presented. The last column lists the duration of each m
Isotope T1
2
Ibeam
[ions/s]
Energy
[MeV]
182Hg 10.83 s 3.5  103 518.7
184Hg 30.87 s 2.2  104 524.4
4.8  103 524.4
4.8  103 524.4
186Hg 1.38 min 3.0  104 530.1
2.1  105 530.1
2.1  105 530.1
188Hg 3.25 min 1.0  105 535.8
1.6  105 535.8
1.6  105 535.8fluorescence of the atomic transition, the total number of elec-
tronic decays can be gauged.
3. Heavy-ion induced K-vacancy creation
The total cross section for K-shell ionization of a target atom by
a projectile ion was described by a universal form [12], given by
r ¼ Z
2
p
I2K
f ðEp=IKÞ ð1Þ
where Ep and Zp are respectively the energy and proton number of
the incoming ion, IK the binding energy of the K electron in the tar-
get and f the universal curve.
Romo-Kröger et al. deduced a phenomenological curve from
this theoretical approach, based on the proton-induced
K-vacancy created in any target atom [13]. The cross section r
for K ionization by an incident proton is estimated by a fifth-
order polynomial:
lnðrI2KÞ ¼
X5
i¼0
biðlnðEproton=IKÞÞi ð2Þ
where {bi} = {11.122, 0.6564, 0.5981, 0.0091, 0.0285, 0.006}. Here,
Ep is given in MeV, IK in keV, and the cross section r in barn. The
cross section for K-vacancy creation of a target atom irradiated by
a heavy projectile with proton number Zp and atomic number Ap
is derived from the proton-induced cross section by a scaling factor
Z2p:
rprojðEpÞ ¼ Z2prprotonðEp=ApÞ ð3Þ
Only the energy per nucleon of the beam appears in the calcu-
lation of the cross section for creating a K-vacancy in the target
atom. Since the cross section is sensitive to the incident energy,
it should be integrated over the target thickness, taking into
account energy losses when the projectile penetrates through the
target. Also a correction of replacing IK by I
0:95
K on both sides of
Eq. (2) is suggested, corresponding to an effective charge for the
target being lower for heavier targets [14].
In order to infer the cross section for K-vacancy production in
the mercury projectile of interest in the Coulomb-excitation exper-
iment, a change of frame of reference is needed. An incoming cad-
mium projectile should be considered, incident on a mercury
target at rest, inducing a K vacancy. In both frames of reference
the total energy in the center-of-mass-frame should be equal.
When the reference frame of projectile and target are inter-
changed, this leads to the following equation:
Elab;Cd
mCd
¼ Elab;Hg
mHg
ð4Þintensities, energies and charge states are given for different projectiles. The target
easurement.
Charge
state
Target
(s)
Thickness
[mg/cm2]
Duration
[h]
44+ 112Cd 2.0 110.53
44+ 112Cd 2.0 12.82
43+ 107Ag 1.1 18.3
43+ 120Sn 2.3 58.73
44+ 114Cd 2.0 5.77
43+ 107Ag 1.1 1.42
43+ 120Sn 2.3 3.03
45+ 114Cd 2.0 15.95
44+ 107Ag 1.1 1.62
44+ 120Sn 2.3 11.43
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Fig. 1. Random-subtracted c-ray energy spectra of 182Hg (a), 184Hg (b), 186Hg (c), and 188Hg (d), Doppler corrected for the mercury projectile excitation. Both collision partners
were detected in coincidence in the DSSSD. The detector hereby covers the angular range {76.8, 142.6}, expressed for the projectile in the center-of-mass frame.
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atomic mass of the incoming projectile or target [15]. This implies
that when going from the frame of reference where cadmium is
the target at rest to the one where mercury is the target at rest,
the energy of the incoming projectile per unit mass remains unal-
tered. In the experiments discussed in this paper, mercury is inci-
dent on cadmium with an energy of 2.85 MeV per nucleon, but in
order to use the model mentioned above we follow the equivalent
procedure by calculating the cross sections for K-vacancy produc-
tion in mercury considering a cadmium projectile with an energy
of 2.85 MeV per nucleon incident on a mercury atom at rest.
Considering experimentally inferred cross sections, it has been
suggested by Foster et al. that when Ep=IK 6 101 the measured
values are lower than those predicted by theory [16]. Behncke
et al. published experimentally determined K-vacancy production
cross sections in projectile and target using 132Xe and 208Pb beams
at energies of 3.6, 4.7 and 5.9 MeV per nucleon on a broad scope of
different targets [17]. Projectile K-ionization cross sections for a
208Pb beam with an energy of 2.4 MeV/u on some target atoms
have been published by Anholt et al. [18]. However, experimental
values for the cross section of mercury K ionization are not
reported, but can be estimated based on the experimental data.
Fig. 2 compares the experimentally observed cross sections for
K-vacancy creation [17,18] and those theoretically predicted using
the phenomenological approach described in this article.
The proton numbers of xenon (54) and cadmium (48) are simi-
lar, the latter being the atom of interest in this study. It is clear that
around Z = 80, the ratios are considerably constant at a value of
0.06–0.08, slightly increasing with decreasing beam energy. Also
the ratio between the experimentally obtained cross sections of
the 208Pb (Z = 82) atom undergoing K ionization on different atoms
at different energies and the theoretically predicted ones are
shown. Around target proton number 48, the ratios scatter between
0.02 and 0.08, increasing with decreasing beam energy. More
experimental data that confirm this behavior can be found in [19].In order to compare these ratios obtained from the phenomeno-
logical approach to the current experiment, one more step in the
analysis has to be undertaken. As only detected c rays and X-rays
are registered when coincident with a detected particle in the
DSSSD, only part of the total K-ionization cross section is mea-
sured, since the ions scattered outside the angular range covered
by the DSSSD will not be present in the obtained c-ray energy spec-
tra. For this experiment, the detection range of the DSSSD in the
laboratory frame extended from 18.7 to 51.6, equivalent to
76.8–142.6 in the center-of-mass frame. Differential cross sec-
tions for K-vacancy creation in 208Pb by an incident 136Xe beam
at 4.7 MeV per nucleon have been obtained as a function of impact
parameter [20]. Comparison with xenon beams at higher energies
(4.6, 5.9, 7.2 and 8.5 MeV per nucleon) indicates that only the mag-
nitude of the differential cross section is increasing when more
energy is present, not affecting substantially its shape [21].
Converting the differential cross sections as a function of the scat-
tering angle in the center-of-mass-frame, the curve shown in Fig. 3
is obtained. Integrating the differential cross section curve for
K-vacancy production, a fraction of r76:8142:6r0180 ¼ 0:13  0:015 can
be inferred.4. Normalization to 188Hg
The low-lying excited states in 188Hg are well known [22], the
2+ state at 413 keV and the 4+ state at 1005 keV are reported. From
the c-ray energy spectrum (Fig. 1), it can be concluded that in the
Coulomb-excitation experiment, only these two states are popu-
lated and their subsequent decay is observed. Using the known
K-conversion coefficients of these E2 c-ray transitions, the amount
of K X-rays resulting from the conversion process can be deter-
mined. After applying the correction for c-ray detection efficiency
it can be assumed that the conversion of the observed 2þ1 ! 0þ1 and
4þ1 ! 2þ1 E2 transitions amounts to 43(5)% of the total number of
Z
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Fig. 2. Ratios between experimentally observed and theoretically predicted K-vacancy creation cross sections. Left: A 132Xe projectile with an incident energy of 3.6 MeV/u
(black), 4.7 MeV/u (red) and 5.9 MeV/u (blue) inducing a K vacancy in a target with proton number Z. Right: A 208Pb projectile with an energy of 2.4 MeV/u (green), 3.6 MeV/u
(black), 4.7 MeV/u (red), and 5.9 MeV/u (blue) in which a K vacancy is created when colliding with a target with proton number Z. The observed discontinuities in these ratios
with changing proton number Z are a conspicuous phenomenon that is not yet understood. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Differential cross section of K-vacancy creation as function of the scattering
angle in the center of mass frame [20]. The angular range covered by the DSSSD is
indicated for the specific case of a 188Hg projectile on a 114Cd target.
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and 2þ2 states are not populated due to their high energy, causing
E0 transitions to be absent. Therefore, the K X-ray information
obtained on 188Hg can serve as a normalization for the lighter iso-
topes in the further analysis of the Coulomb excitation
experiments.
In order to estimate the remaining K X-ray intensity originating
from the atomic K-shell ionization process of the 188Hg beam
crossing the cadmium target, the experimentally obtained cross
section for this process is compared to the phenomenological
approach discussed in the previous chapter. Also obtained cross
sections for the lighter mercury isotopes will be presented in the
next chapter.
5. Observed X-rays in the Coulomb-excitation experiments
The cross sections for K-vacancy production in mercury on the
three targets have been calculated taking into account the energy
losses in the target, adjusted for the limited detection range of
the DSSSD. In order to compare these predicted values to the
observed cross sections inferred from the detected number of K
X-rays, they have to be corrected for the fluorescence and the rel-
ative branching for Ka emission at 69 keV. The number of incident
ions is determined from the c-ray intensities originating from the
de-excitation of the 112,114Cd and 107Ag targets, which have been
Coulomb excited. In the experiments with the 120Sn target, no sat-
isfactory target excitation was observed, therefore number of inci-
dent ions needed to be extracted from the number of observed
2þ1 ! 0þ1 transitions in mercury, estimating its h0þ1 kE2k2þ1 i matrix
element from the experiments on cadmium. Fig. 4 is similar toFig. 2 and shows the ratio of observed and predicted cross sections
for emission of a K X-ray at the energy of 69 keV emanating from
atomic K-vacancy creation per projectile-target combination. The
number of K X-rays observed in the Coulomb-excitation experi-
ments have been corrected for contributions from internal conver-
sion of detected E2 4þ ! 2þ and 2þ ! 0þ c-ray transitions. The
predicted and observed cross sections, as well as their ratio, are
given in Table 2.
In 182,184Hg, the observed number of K X-rays is significantly
larger than in the two heavier isotopes. This excess can be attribu-
ted to the E0 component of the 2þ2 ! 2þ1 transition and the E0
0þ2 ! 0þ1 de-excitation. Integrating the number of K X-rays coinci-
dent with the 2þ1 ! 0þ1 transition in mercury allows for the E0
2þ2 ! 2þ1 and the E0 0þ2 ! 0þ1 paths to be discriminated. For 188Hg,
an average ratio of 0.038 ± 0.005 is obtained for the mercury beam
at 2.85 MeV/u, a factor of two lower compared to the previous
experiments discussed above (Fig. 2). A more elaborated approach
can be found in [23].
6. K X-ray production using stable mercury, and neutron-
deficient lead, polonium, and radon beams
K X-rays have also been observed in Coulomb-excitation exper-
iments studying other nuclei, performed using the same experi-
mental setup under similar experimental conditions. Data were
obtained using stable 202Hg, and neutron-deficient lead
(196,198Pb), polonium (202,206Po), and radon beams (202,204Rn). As
was the case for 188Hg, the 0þ2 and 2
þ
2 states are only very weakly
populated due to their high excitation energy. Hence, E0 transi-
tions are expected to be absent, and the number of observed K
X-rays, after subtraction of the conversion of observed c-ray tran-
sitions, can be attributed to heavy-ion induced K-vacancy creation.
The observed cross section for emission of a Ka X-ray can then be
compared to the one predicted by the formalism described in
Section 3, as was done for the neutron-deficient 182,184,186,188Hg
isotopes in Fig. 4. Fig. 5 shows the ratio of observed and predicted
cross sections per projectile-target combination.
The average ratio of the mercury isotopes (188,202Hg)
(0.037 ± 0.005) is of the same order of magnitude as the values
for lead (196,198Pb) (0.022 ± 0.003) and radon (202,204Rn)
(0.023 ± 0.004) but is substantially different for polonium
(202,206Po) (0.20 ± 0.02).
7. Conclusions and outlook
K-vacancy production of energetic (2.85 MeV/u) heavy-ion
beams of mercury, lead, polonium and radon on different targets
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Fig. 4. Ratio of observed and predicted cross sections for emission of a 69 keV K X-ray are shown for the four mercury isotopes when incident on the different targets. The
observed K X-rays have been corrected for the K-conversion of the observed E2 4þ ! 2þ and 2þ ! 0þ c-ray transitions. In the lighter isotopes, the excess of K X-rays is
significantly larger. The dashed line represents the average value of the three ratios obtained for 188Hg, where no E0 transitions are expected.
Table 2
Predicted cross sections for emission of a 69 keV K X-ray due to K-vacancy creation
compared to the observed ones.
Isotope Target rpred: [b] robs: [b] robs:/rpred:
182Hg 112Cd 2.000 (196) 0.586 (71) 0.293 (46)
184Hg 112Cd 1.986 (203) 0.541 (83) 0.272 (50)
184Hg 107Ag 2.057 (204) 0.390 (102) 0.190 (53)
184Hg 120Sn 2.200 (239) 0.459 (50) 0.208 (32)
186Hg 114Cd 1.986 (203) 0.123 (55) 0.062 (28)
186Hg 107Ag 2.057 (204) 0.175 (42) 0.085 (22)
186Hg 120Sn 2.200 (239) 0.102 (23) 0.046 (12)
188Hg 114Cd 1.986 (203) 0.090 (17) 0.045 (10)
188Hg 107Ag 2.057 (204) 0.072 (37) 0.035 (18)
188Hg 120Sn 2.214 (233) 0.078 (13) 0.035 (7)
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excitation experiments. After correcting the intensity of the
observed characteristic K X-rays with the expected intensity ema-
nating from the internal conversion of observed E2 transition, the
heavy-ion induced K-vacancy creation was determined. The data
were compared with the phenomenological approach and with
previous measurements. The ratio of the calculated and experi-
mental cross section ranged from 0.037 ± 0.005 for mercury,
0.022 ± 0.003 for lead and 0.022 ± 0.003 for radon, but a value of(aver.)
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Fig. 5. Ratio of observed and predicted cross sections for emission of a Ka X-ray are show
All projectiles were post-accelerated to an energy of 2.85 MeV/u. The targets used were 1
104Pd (2.0 mg/cm2). The values found for 202Rn incident on the 109Ag target, have been ob
cm2 (left) and 4.0 mg/cm2 (right)). Also the average value for the three ratios obtained f0.20 ± 0.02 was found for polonium. Based on the experimental
work and the phenomenological approach, an expression is
derived for the detection of K X-rays originating from atomic pro-
cesses in a typical Coulomb excitation experiment in inverse kine-
matics. The cross section for the emission of a Ka X-rays originating
from heavy-ion induced K-vacancy production impinging on a tar-
get can be estimated as:
rKa ;estim ¼ FIKaZ2t
1
ðI0:95K Þ
2 exp
X5
i¼0
biðlnðEp=I0:95K ÞÞ
i
" #
ð5Þ
where F is the fluorescence, IKa the relative branching for Ka emis-
sion, Zt the proton number of the target, IK the binding energy of
the K electron (in keV), bi the parameters used in the phenomeno-
logical curve described in Section 3, and Ep the projectile energy per
nucleon in the middle of the target (in MeV). The number of
detected Ka X-rays can then be calculated:
NKa ;estim¼1024XSdetFIKaZ2t
1
ðI0:95K Þ
2 exp
X5
i¼0
biðlnðEp=I0:95K ÞÞ
i
" #
qdNA
At
	 Ib
ð6Þ
where X is the absolute detection efficiency of the K X-rays in the
c-ray detector array, Sdet the angular fraction of the total crossPd)04
Po2
Pd)104(
Po206
Ag)109(
Rn202
Ag)109(
Rn202
Sn)120(
Rn202
Ag)109(
Rn204
Sn)120(
Rn204
n for 202Hg, 196,198Pb, 202,206Po, and 202,204Rn when incident on the different targets.
09Ag (1.9 mg/cm2), 120Sn (2.0 mg/cm2), 112Cd (2.0 mg/cm2), 94Mo (2.0 mg/cm2), and
tained from experiments on two 109Ag targets having different thicknesses (1.9 mg/
or 188Hg is presented, allowing a comparison with Fig. 4.
102 N. Bree et al. / Nuclear Instruments and Methods in Physics Research B 360 (2015) 97–102section covered by the silicon particle detector (i.e. 0.13 ± 0.015 for
a 188Hg projectile on a 114Cd target), q the target density (in g/cm2),
d the target thickness (in cm), NA the Avogadro number, At the
atomic mass of the target and Ib the total number of incident projec-
tile ions on the target. The factor 1024 is added to change the unity
of the cross section from barn to cm2. As addressed in Figs. 4 and 5,
this approach overestimates the number of Ka X-rays detected in
the experiments discussed in this paper.
A detailed report on the K X-ray analysis in the
182,184,186,188Hg isotopes has been presented. An excess of K
X-rays has been observed in 182,184Hg, suggesting the presence
of E0 de-excitations from the 0þ2 and 2
þ
2 states. By scaling the
value deduced from the heavier mercury isotopes, the contribu-
tion to the X-ray intensity from the atomic processes observed in
182,184Hg was deduced to be 13(3)%, respectively 14(4)% of the
total observed. The ratio between the experimental and theoret-
ical cross section for the production of K-vacancies showed a
consistent value for mercury, lead and radon. However, the value
obtained for polonium was about a factor of five to nine higher.
The reasons for this large increase in one element are not
understood.
Due to the high proton number Z and the occurrence of shape
coexistence, E0 transitions are important in this particular region
of the chart of the nuclides. In order to properly extract the E2
matrix elements connecting nuclear states from Coulomb-
excitation experiments, all possible de-excitation paths have to
be taken into account to determine the proper population of the
different states and extracting the E2 matrix elements. A substan-
tial improvement over the method presented in this paper is the
direct detection of the conversion electrons as proposed with the
Spectrometer for Electron Detection (SPEDE) that will be installed
at the Miniball experimental setup [24]. The detection of internal
conversion electrons will also become more and more important
when multiple Coulomb excitation measurements in the heavy-
mass region become possible using beams from the HIE-ISOLDE
accelerator [25].Acknowledgments
This work was supported by the FWO-Vlaanderen (Belgium), an
FWO Pegasus Marie Curie Fellowship (L.P.G.), by GOA/2010/010
(BOF KULeuven), by the IAP Belgian Science Policy (BriX network
P6/23 and P7/12), by the European Commission within the 7th
Framework Programme through I3-ENSAR (Contract No. RII3-CT-
2010-262010), by the U.K. Science and Technology Facilities Council,
by the German BMBF under Contracts No. 06DA9036I, No.
05P12RDCIA, No. 06KY205I, No. 05P09PKCI5, No. 05P12PKFNE, No.
05P12WOFNF, and No. 09MT9156, Academy of Finland (Contract
No. 131665), by the Spanish MINECO through FPA2010-17142 pro-
ject and the Spanish Project No. FIS2011-28738-C02-02.
References
[1] D. Habs et al., Nucl. Instr. Meth. B 139 (1998) 128.
[2] N. Bree et al., Phys. Rev. Lett. 112 (2014) 162701.
[3] J. Pakarinen et al., J. Phys. Soc. Japan Conf. Proc. 6 (2015) 020011.
[4] N. Kesteloot, Ph.D. thesis (2015).
[5] T. Grahn et al., EPJ Web Conf. 63 (2013) 01009.
[6] L.P. Gaffney et al., Phys. Rev. C 91 (2015) 064313.
[7] L.P. Gaffney et al., Nature 497 (2013) 199.
[8] K. Heyde, J.L. Wood, Rev. Mod. Phys. 83 (2011) 1467.
[9] A.N. Ostrowski et al., Nucl. Instr. Meth. A 480 (2002) 448.
[10] N. Warr et al., Eur. Phys. J. A. 49 (2013) 40.
[11] R.B. Firestone et al., Table of Isotopes, A Wiley-Sinterscience Publication, 1996.
[12] J.D. Garcia et al., Rev. Mod. Phys. 45 (2) (1973) 111.
[13] C.M. Romo-Kröger, Phys. Scripta T118 (2005) 9.
[14] C.M. Romo-Kröger, Nucl. Instr. Meth. B 164–165 (2000) 349.
[15] K. Alder, A. Winther, Electromagnetic Excitation, Elsevier, 1975.
[16] C. Foster et al., J. Phys. 9 (11) (1976) 1943.
[17] H.-H. Behncke et al., Z. Phys. A 289 (1979) 333.
[18] R. Anholt et al., Phys. Rev. A 16 (1977) 190.
[19] Y. Peng, Ph.D. thesis, Texas A&M University, 2006.
[20] J.S. Greenberg et al., Phys. Rev. Lett. 39 (22) (1977) 1404.
[21] R. Anholt et al., Z. Phys. A 308 (1982) 189.
[22] J.H. Hamilton et al., Phys. Rev. Lett. 35 (1975) 562.
[23] N. Bree, Ph.D. thesis (2014).
[24] J. Konki et al., Eur. Phys J. Web Conf. 63 (2013) 01019.
[25] R. Catherall et al., Nucl. Instr. Met. Phys. Res. Sect. B 317 (2013) 204.
